Obesity and related metabolic abnormalities, including insulin resistance and a state of chronic inflammation, increase the risk of hepatocellular carcinoma. Abnormal activation of the insulin-like growth factor (IGF)/ IGF-1 receptor (IGF-1R) axis is also involved in obesity-related liver tumorigenesis. In the present study, we examined the effects of (À)-epigallocatechin gallate (EGCG), a major biologically active component of green tea, on the development of diethylnitrosamine (DEN)-induced liver tumorigenesis in C57BL/KsJ-db/db (db/db) obese mice. Male db/db mice were given tap water containing 40 ppm DEN for 2 weeks and then they received drinking water containing 0.1% EGCG for 34 weeks. At sacrifice, drinking water with EGCG significantly inhibited the development of liver cell adenomas in comparison with the control EGCG-untreated group. EGCG inhibited the phosphorylation of the IGF-1R, ERK (extracellular signal-regulated kinase), Akt, GSK-3b (glycogen synthase kinase-3b), Stat3, and JNK (c-Jun NH 2 -terminal kinase) proteins in the livers of experimental mice. The serum levels of insulin, IGF-1, IGF-2, free fatty acid, and TNF-a were all decreased by drinking EGCG, which also decreased the expression of TNF-a, interleukin (IL)-6, IL-1b, and IL-18 mRNAs in the livers. In addition, EGCG improved liver steatosis and activated the AMP-activated kinase protein in the liver. These findings suggest that EGCG prevents obesity-related liver tumorigenesis by inhibiting the IGF/IGF-1R axis, improving hyperinsulinemia, and attenuating chronic inflammation. EGCG, therefore, may be useful in the chemoprevention of liver tumorigenesis in obese individuals. Cancer Prev Res; 4(3); 396-403. Ó2011 AACR.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common and deadly cancers worldwide. Chronic inflammation of the liver and subsequent cirrhosis, which are mainly induced by infection with hepatitis B and hepatitis C viruses, are risk factors for HCC development. Increasing evidence also indicates that obesity and related metabolic abnormalities, especially diabetes mellitus, raise the risk of HCC (1) (2) (3) . Several pathophysiologic mechanisms linking obesity, steatosis, and liver carcinogenesis have been shown, including the emergence of insulin resistance and the subsequent inflammatory cascade. Insulin resistance leads to an increased expression of TNF-a, a central mediator of chronic inflammatory diseases, and its dysregulation is associated with the development of steatosis and inflammation within the liver (4, 5) . Hyperinsulinemia also upregulates the levels of insulin-like growth factors (IGF) and abnormal activation of the IGF/IGF-1 receptor (IGF-1R) axis contributes to the development of various types of human malignancies, including HCC (6, 7) . These findings suggest that targeting insulin resistance may be an effective strategy for preventing the development of obesity-related HCC. A recent animal experiment revealed that supplementation with branched chain amino acids, which is used to improve protein malnutrition in patients with liver cirrhosis, prevents obesity-related liver tumorigenesis by targeting insulin resistance and the IGF/IGF-1R axis (8) .
Green tea, a beverage commonly consumed worldwide, possesses anticancer and cancer chemopreventive properties, and (À)-epigallocatechin gallate (EGCG) is the most potent of the green tea catechins (GTC) with respect to exerting these beneficial effects (9, 10) . EGCG inhibits cell proliferation and induces apoptosis in cancer cells by inhibiting activation of some types of receptor tyrosine kinases (RTK) and related downstream signaling pathways (11, 12) . Among such RTKs, the IGF-1R is one of the critical targets of EGCG with respect to its anticancer effects. In human HCC-and colon cancer-derived cells, EGCG suppresses cell growth by inhibiting the activation of the IGF/ IGF-1R axis and its downstream ERK (extracellular signalregulated kinase) and Akt proteins (13) (14) (15) . EGCG also overcomes the activation of the IGF/IGF-1R axis and thereby inhibits the development of colonic premalignant lesions in an obesity-related colon carcinogenesis model (16) .
In addition to anticancer and cancer chemopreventive effects, GTCs, especially EGCG, seem to have antiobesity and antidiabetic effects (17, 18) . GTCs also possess antiinflammatory properties because they inhibit the expression of proinflammatory cytokines TNF-a and interleukin (IL)-6, which are also associated with cancer prevention by GTCs (19) (20) (21) . Supplementation with GTCs decreases plasma levels of insulin, TNF-a, and IL-6 in a high-fructose diet-induced rat insulin resistance model (22) . These reports suggest the possibility that long-term treatment with GTCs may be effective for preventing the progression of obesity-related diseases, including the development of HCC. In the present study, we examined the effects of EGCG on obesity-related liver tumorigenesis in male C57BL/KsJ-db/db (db/db) mice initiated with diethylnitrosamine (DEN) by focusing on the inhibition of the activation of the IGF/IGF-1R axis. We also investigated whether EGCG treatment improves hyperinsulinemia, liver steatosis, and inflammatory condition in this preclinical mouse model that can be used to evaluate the mechanisms underlying the inhibition of obesity-related liver tumorigenesis by candidate chemopreventive agents (8) .
Materials and Methods

Animals and chemicals
Four-week-old male db/db mice were obtained from Japan SLC, Inc., and were humanely maintained at Gifu University Life Science Research Center in accordance with the Institutional Animal Care Guidelines. DEN was purchased from Sigma Chemical Co. EGCG was obtained from Mitsui Norin Co. Ltd.
Experimental procedure
At 5 weeks of age, a total of 30 db/db mice were randomly divided into the following 4 experimental and control groups: DEN alone (group 1, n ¼ 10); DEN plus 0.1% EGCG (group 2, n ¼ 10); 0.1% EGCG alone (group 3, n ¼ 5); and no treatment (group 4, n ¼ 5). All of the mice in groups 1 and 2 were given tap water containing 40 ppm DEN for the first 2 weeks of the experiment, which is sufficient to develop hepatocellular neoplasms in db/db mice (8) . After DEN treatment, the mice in group 2 were given free access to tap water containing 0.1% EGCG until the end of the experiment. The mice in group 3 were given 0.1% EGCG throughout the experiment. The concentration of EGCG (0.1%), which was established according to the findings of previous chemopreventive studies (16, 23) , was within the physiologic range after daily intake of GTCs in human per unit body weight basis (24) . The mice in groups 1 and 4 were given tap water without EGCG. At 41 weeks of age (after 34 weeks of EGCG treatment), all of the mice were sacrificed to analyze the development of liver neoplasms and preneoplastic lesions.
Histopathologic analysis
At sacrifice, the livers were immediately removed and macroscopically inspected for the presence of neoplasms. Maximum sagittal sections of each lobe (6 sublobes) were used for histopathologic examination. For all experimental groups, 4-mm thick sections, prepared from formalin-fixed and paraffin-embedded tissue blocks, were subjected to hematoxylin and eosin staining for histopathology. The presence of HCC, liver cell adenoma, and foci of cellular alterations (FCA) was judged according to previously described criteria (25) . The multiplicity of FCA was assessed on a per unit area (cm 2 ) basis.
Protein extraction and Western blot analysis
Total protein was extracted from the nontumorous areas of livers and equivalent amounts of proteins (20 mg/lane) were examined by a Western blot analysis (8) . Previously described primary antibodies for IGF-1R, phosphorylated IGF-1R (p-IGF-1R), ERK, p-ERK, Akt, p-Akt, Stat3, p-Stat3, AMP-activated kinase (AMPK), p-AMPK, glycogen synthase kinase (GSK)-3b, p-GSK-3b, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used (16, 26, 27) . The primary antibody for c-Jun NH 2 -terminal kinase (JNK) and p-JNK was obtained from Cell Signaling Technology. GAPDH served as a loading control.
RNA extraction and quantitative real-time reverse transcriptase PCR Total RNA was isolated from the nontumorous areas of livers by using the RNAqueous-4PCR kit (Ambion Applied Biosystems). The cDNA was amplified from 0.2 mg of total RNA, using the SuperScript III First-Strand Synthesis System (Invitrogen). Quantitative real-time reverse transcriptase PCR (RT-PCR) analysis was done using specific primers that amplify the TNF-a, IL-6, IL-1b, IL-18, and b-actin genes, as described previously (26, 28) .
Clinical chemistry
The blood samples, which were collected at the time of sacrifice after 6 hours of fasting, were used for chemical analyses. The serum concentrations of insulin (Shibayagi), TNF-a, (Shibayagi), IGF-1 (R&D Systems), and IGF-2 (R&D Systems) were determined by an enzyme immunoassay according to the manufacturers' protocols. The serum levels of free fatty acid (FFA) were measured with a standard clinical automatic analyzer (type 7180; Hitachi).
Hepatic lipid analysis
Approximately 200 mg of frozen liver was homogenized, and lipids were extracted using Folch's method (29) . The triglyceride levels in the liver were measured using the triglyceride E-test kit (Wako Pure Chemical Co.) according to the manufacturers' protocol. To visualize the intrahepatic lipids, Sudan III staining was carried out using the standard procedure with frozen liver sections.
Statistical analysis
The results are presented as the means AE SD and were analyzed using the GraphPad Instat software program version 3.05 (GraphPad Software) for Macintosh. Differences among the groups were analyzed by either 1-way ANOVA or, as required, by 2-way ANOVA. When the ANOVA showed a statistically significant effect (P < 0.05), each experimental group was compared with the control group by the Tukey-Kramer multiple comparisons test. The differences were considered significant when the 2-sided P value was less than 0.05.
Results
General observations
During the experiment, EGCG treatment in drinking water did not cause any clinical symptoms for toxicity. No significant differences were observed in the body weights or relative weights of the livers among the 4 groups at the end of the study (Table 1 ). In the DEN-treated groups, drinking EGCG (group 2) significantly reduced the relative weights of white adipose tissue (periorchis and retroperitoneum) as compared with the untreated group (group 1, P < 0.01) at the termination of the experiment. Histopathologic examination revealed the absence of toxicity of EGCG in the liver, kidney, and spleen (data not shown).
Effects of EGCG on DEN-induced liver tumorigenesis in db/db mice
The incidence and multiplicity of liver neoplasms (adenoma and HCC) and FCA in the mice of all groups are summarized in Table 2 . Irrespective of DEN treatment, FCA developed in the livers of mice from all groups. However, the number of this preneoplastic lesion was significantly increased by treatment with DEN (P < 0.001). In the DENtreated mice, EGCG in drinking water significantly inhibited the development of FCA in comparison with the untreated control mice (P < 0.001). The incidence (P < 0.01) and multiplicity (P < 0.01) of adenoma, which developed only in the DEN-treated mice, were also significantly decreased by EGCG. HCC developed only in the DEN-treated groups, but the incidence (10% in each group) was not high. These findings might suggest that the duration of the experiments (41 weeks) was sufficient to develop adenoma but was relatively short to induce substantial number of HCC in the present study.
Effects of EGCG on the serum levels of insulin, IGF-1, and IGF-2 and on the phosphorylation of IGF-1R, ERK, Akt, and GSK-3b proteins in the livers of experimental mice
Hyperinsulinemia and abnormal activation of the IGF/ IGF-1R axis play a critical role in obesity-related liver carcinogenesis (6, 7) . Therefore, the effects of EGCG on the serum levels of insulin, IGF-1, and IGF-2 and the activation of IGF-1R protein in the liver of experimental mice were examined. As shown in Figure 1A , the administration of EGCG in the drinking water significantly decreased the serum levels of insulin, IGF-1, and IGF-2 (P < 0.05, respectively) in DEN-treated mice. Western blot analysis revealed that IGF-1R protein was phosphorylated (i.e., activated) by the administration of DEN but EGCG drinking decreased the levels of p-IGF-1R protein in the livers of experimental mice irrespective of DEN treatment. The levels of the phospholylated forms of the ERK and Akt proteins, which are located downstream of IGF-1R (30), were also decreased by EGCG drinking. In addition, the phospholylation of GSK-3b, which is mediated by the IGF-1R/Akt signaling pathway (31), was significantly inhibited by EGCG drinking. DEN treatment increased the levels of p-ERK, p-Akt, and p-GSK-3b proteins, but the inhibitory effects of EGCG on the expression of these proteins were not affected by the administration of this carcinogen (Fig. 1B) . These findings indicate that DEN enhances liver tumorigenesis in db/db mice, at least in part, by activating the IGF/IGF-1R axis and EGCG may inhibit the development of obesity-related liver neoplasms by targeting hyperinslinemia and the activation of the IGF/IGF-1R axis.
Effects of EGCG on the serum levels of FFA, hepatic steatosis, and the activation of AMPK protein in the livers of DEN-treated db/db mice Hepatic steatosis, which is caused by hyperinsulinemia and an increased FFA concentration, is considered to be involved in liver tumorigenesis (4, 5) . Therefore, the effects of EGCG on the serum levels of FFA and accumulation of lipids in the liver of DEN-treated db/db mice were examined. The levels of FFA in serum were significantly A, the serum concentrations of insulin, IGF-1, and IGF-2 in DEN-treated db/db mice were measured by an enzyme immunoassay. Values are the means AE SD. *, P < 0.05 versus the untreated group. B, the total proteins were extracted from the livers of experimental mice and the expression levels of the IGF-1R, p-IGF-1R, ERK, p-ERK, Akt, p-Akt, GSK-3b, and p-GSK-3b proteins were examined by a Western blot analysis, using the respective antibodies. Equal protein loading was verified by the detection of GAPDH. Two lanes represent protein samples from 2 different mice from each group. Repeat Western blots yielded similar results.
decreased by EGCG drinking ( Fig. 2A, P < 0.05) . The examination of Sudan III-stained sections showed that EGCG markedly improved the accumulation of lipids in the livers of DEN-treated mice (Fig. 2B, top panels) . Similar to the histologic findings, the levels of triglyceride in the liver were significantly decreased by the administration of EGCG (Fig. 2B , bottom panel, P < 0.05). In addition, the expression levels of p-AMPK proteins were significantly increased by EGCG, thus indicating that the agent activated the AMPK protein, a central signaling system controlling the pathways of lipid metabolism (32) , in the livers of the experimental mice (Fig. 2C) .
Effects of EGCG on the hepatic expression of TNF-a, IL-6, IL-1b, and IL-18 mRNAs, serum levels of TNF-a, and the phosphorylation of Stat3 and JNK proteins in the livers of experimental mice Obesity promotes liver tumorigenesis by inducing inflammation (33) . Therefore, whether drinking EGCG altered the levels of the inflammatory mediators in the experimental mice was examined. As shown in Figure 3A , quantitative real-time RT-PCR revealed that the expression levels of TNF-a, IL-6, IL-1b, and IL-18 mRNAs in the livers, which were increased by DEN treatment (P 0.01, respectively), were significantly decreased by EGCG (P 0.01, respectively). The serum levels of TNF-a were also reduced after EGCG drinking in DEN-treated mice ( Fig. 3B , P < 0.01). Furthermore, irrespective of DEN treatment, EGCG drinking decreased the expression levels of the p-Stat3 and p-JNK proteins, which play a role in obesity/TNFa-mediated hepatic inflammation (34, 35) and are increased by DEN, in the livers of experimental mice (Fig. 3C) . These findings suggest that EGCG improves hepatic steatosis and attenuates liver inflammation, which might be enhanced by DEN, in obese and diabetic db/db mice.
Discussion
Obesity and related metabolic abnormalities, particularly diabetes mellitus and insulin resistance, are significant risk factors for the development of HCC and therefore may be promising targets for the prevention of this malignancy in obese individuals (1) (2) (3) 8) . The results of the present study clearly indicated that EGCG, which has been shown to improve dysregulation of energy homeostasis (17, 18) , effectively prevents the development of liver tumorigenesis in obese and diabetic db/db mice by improving hyperinsulinemia and hepatic steatosis. A recent study showed that EGCG suppressed the development of colonic premalignant lesions induced by azoxymethane in db/db mice through improvement of hyperinsulinemia and inhibition of the IGF/IGF-1R axis on the colonic mucosa (16) . These findings suggest that the improvement of metabolic abnormalities by either pharmaceutical or nutritional intervention may be an effective strategy to prevent certain types of obesity-related carcinogenesis and EGCG is a promising candidate for this purpose.
We showed that several biological activities of EGCG might contribute to the inhibition of obesity-related liver tumorigenesis in the present study. Among them, it should be emphasized first that EGCG decreases the serum levels of insulin, IGF-1, and IGF-2 while also inhibiting the activation of IGF-1R and related downstream signaling pathways, including the MAPK (mitogen-activated protein kinase)/ERK and PI3K (phosphatidylinositol 3-kinase)/Akt Effects of EGCG on the serum levels of FFA, hepatic steatosis, and the activation of the AMPK protein in the liver of DEN-treated db/db mice. A, the serum concentration of FFA was measured by an enzymatic method. Values are the means AE SD. *, P < 0.05 versus the untreated group. B, frozen liver sections from DEN-exposed mice with or without EGCG treatment were stained with Sudan III to show steatosis (top). Hepatic lipids were extracted from the frozen livers of these mice, and the triglyceride levels were measured (bottom). Values are the means AE SD. *, P < 0.05 versus the untreated group. C, the total proteins were extracted from the livers of DEN-treated mice, and the expression levels of the AMPK and p-AMPK proteins were examined by a Western blot analysis. GAPDH antibody served as a loading control. Three lanes represent protein samples from 3 different mice from the untreated and 0.1% EGCG-treated groups, respectively.
pathways, in the livers of experimental mice. These findings seem to be significant because the alteration of the IGF/ IGF-1R axis, which is induced by insulin resistance, is involved in liver carcinogenesis and thus might play a critical role as a molecular target for HCC chemoprevention (6) (7) (8) . In human HCC-derived cells, IGF-1 and IGF-2 activate IGF-1R, ERK, and Akt proteins and increase the expression of IGF-1 and IGF-2 mRNAs themselves but EGCG inhibits these sequences and thus suppresses growth and induces apoptosis in HCC cells (13) . These findings, together with the results of the present study, suggest the possibility that EGCG overcomes the stimulatory effects of IGFs, disrupts the IGF/IGF-1R-related autocrine/paracrine loops, and thereby prevents the development of obesityrelated liver tumorigenesis. In addition, the inhibition of GSK-3b phosphorylation by EGCG also plays a role in preventing the development of liver neoplasms because phosphorylation of this kinase, which is mediated by the IGF-1R/Akt axis, is closely associated with liver carcinogenesis (31) . Excess accumulation of lipids in the liver accelerates HCC development (4, 5) . Therefore, the improvement of hepatic steatosis by EGCG is also significant when considering the inhibitory effects of this agent on obesity-related liver tumorigenesis. This effect of EGCG may be associated with reductions in white adipose tissue and serum FFA levels because host factors, particularly increased visceral fat and a high influx of FFA to the liver, lead to hepatic fat accumulation (4, 5) . In addition, EGCG may also improve metabolic abnormalities by activating AMPK in the liver, which enhances insulin sensitivity and increases fatty acid oxidation but decreases fatty acid synthesis (32) . This finding is consistent with recent studies showing that EGCG increases insulin sensitivity and fat oxidation and induces AMPK activity in the liver (36, 37) . Furthermore, in addition to the improvement of metabolic disorders, activation of AMPK by EGCG also positively contributes to the prevention of hepatotumorigenesis because decreased AMPK activation is implicated in tumor development and therefore may be a tumor suppressor and a promising target for cancer chemoprevention (38) . In fact, EGCG has been shown to inhibit lipogenesis and cellcycle progression through the activation of AMPK in human HCC-derived cells (39) . The phosphorylation of LKB1, which is a tumor suppressor protein and a major AMPK kinase (38) , is also increased by EGCG (37) . Thus, Figure 3 . Effects of EGCG on the expression levels of TNF-a, IL-6, IL-18, and IL-1b mRNAs, the serum levels of TNF-a, and the activation of Stat3 and JNK proteins in the liver of experimental mice. A, the total RNAs were isolated from the livers of experimental mice, and the expression levels of TNF-a, IL-6, IL-1b, and IL-18 mRNAs were examined by quantitative real-time RT-PCR, using specific primers. The expression levels of these mRNAs were normalized to the level of the b-actin mRNA. Values are the means AE SD. *, P < 0.01 versus the control groups. B, the serum concentration of TNF-a in DEN-treated db/db mice was measured by enzyme immunoassay. Values are the means AE SD. *, P < 0.01 versus the untreated group. C, the total proteins were extracted from the livers of experimental mice and the expression levels of the Stat3, p-Stat3, JNK, and p-JNK proteins were examined by a Western blot analysis. GAPDH antibody served as a loading control.
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the antiobesity and cancer chemopreventive effects of EGCG might be mediated, at least in part, by the activation of AMPK.
Insulin resistance and lipid accumulation in the liver, which is mainly induced by the FFA flux, promotes liver inflammation through the production of proinflammatory cytokines such as TNF-a and IL-6, and this chronic inflammatory response is closely associated with activation of Stat3 and increased risk of HCC (4, 5, 33) . Therefore, decreases in the expression of TNF-a, IL-6, IL-1b, and IL-18 mRNAs in the liver, reduced levels of serum TNF-a, and inhibited activation of Stat3 in the liver of db/db mice treated with EGCG are considered to be important in preventing obesity-related liver tumorigenesis. Among these targets, TNF-a, which links obesity with insulin resistance and contributes to obesity-induced IL-6 production (33, 34) , has been shown to be a crucial target of EGCG that can inhibit cancer cell growth and prevent inflammation-related colorectal carcinogenesis (19) (20) (21) . The inhibition of the activation of the IL-6/Stat3 axis by EGCG is also important because this axis plays a critical role in HCC development (40, 41) . In addition, the effect of EGCG to inhibit JNK activation, which is caused by higher levels of TNF-a and FFA and is involved in obesitymediated insulin resistance (42) , also contributes to the prevention of obesity-related liver tumorigenesis by EGCG because JNK seems to be one of the most important kinases that is upregulated in HCC and could thus be a potential therapeutic target for this malignancy (43) . Because JNK is located downstream of IGF-IR (30), the inhibition of the activation of the IGF/IGF-1R axis may also lead to the indirect inhibition of JNK.
One of the effective strategies for HCC chemoprevention is the deletion of latent malignant clones before they progress to detectable neoplasms, and improvement of whole liver condition might play a role in this prevention (44, 45) . The liver accumulated with fat, which activates the IGF/IGF-1R axis and induces chronic inflammation, might be regarded as a hypercarcinogenic field (4, 5, 8, 33) . Therefore, the findings that EGCG inhibits the activation of IGF-1R and related downstream signaling pathways and ameliorates inflammatory condition in nontumorous hepatic tissues seem to be significant when considering the practice of HCC chemoprevention. Presumably, EGCG reduces the number of FCA, at least in part, by improving the condition in the whole liver and thus preventing obesity-related field tumorigenesis of the liver in the present study.
The beneficial effects of GTCs have been reported in several clinical trials. For instance, supplementation with GTCs can significantly prevent the development of both colorectal adenomas and prostate cancers without causing adverse effects (46, 47) . A double-blind, placebo-controlled pilot study showed that EGCG has the potential to increase fat oxidation in men (48) , although more studies with a larger sample size are required to confirm this effect. The results of these trials may encourage the clinical usage of GTCs for obese patients to prevent pathogenesis of various chronic diseases that are caused by excessive body weights. In summary, the prevention of HCC by targeting the IGF/IGF-1R axis, hepatic steatosis, and chronic inflammation, which are caused by dysregulation of energy homeostasis, might represent a promising strategy for obese individuals who are at an increased risk of developing HCC (3, 8) . GTCs, including EGCG, seem to be potentially effective and critical candidates for this purpose because, as shown in the results of the present study and those from previous reports, these agents can target metabolic abnormalities and may therefore restore metabolic homeostasis (16) (17) (18) (19) (20) (21) (22) .
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